Background: Glycans are synthesized in the Golgi by sequentially acting glycosyltransferases, but it is not known how their functions are coordinated in live cells. Results: N-and O-glycosyltransferases form enzymatically active homo-and/or heteromeric complexes. Conclusion: Glycosyltransferases function as physically distinct enzyme complexes rather than single enzymes. Significance: The results help understand the overall functioning of the Golgi glycosylation pathways both in health and disease.
A typical mammalian cell contains an estimated 1 billion individual proteins (1) of which about half are glycosylated (2, 3) . Most of them bear N-linked and/or O-linked glycan chains that are synthesized co-or post-translationally in the endoplasmic reticulum and the Golgi apparatus by dozens of functionally distinct glycosidases and glycosyltransferases. These enzymes are thought to sequentially either remove or add single sugar residues from/to the growing oligosaccharide chains (4, 5) . Their concerted functioning gives rise to a vast array of various glycan structures that often are cell-, tissue-, organism-, or species-specific (3) .
Given the diversity of glycan structures produced and the competitive nature of many of the glycosyltransferases, it is remarkable that the cell can faithfully synthesize all the different glycan structures with such high precision and speed. Generally, cells can achieve such specificity by the spatial (or temporal) organization of a discrete subset of proteins into specific compartments and/or assemble them into functionally relevant protein complexes. These are already known to be utilized to coordinate many cellular activities such as intracellular or intercellular signaling networks, metabolic pathways, and protein folding processes (1) . In addition to providing increased specificity and speed, the regulation of complex formation and/or disassembly provides additional means to modulate these processes in a cell.
Complex formation has been suggested to play a role in glycosylation processes as well (6 -8) . However, there is very little direct in vivo evidence for the formation of complexes by the Golgi glycosylation enzymes. This is due to the fact that complexes have been previously accessed mainly by using in vitro pulldown assays (for a review, see Ref. 6) . Most of the existing in vivo data on N-glycosylation has also been obtained by methods that allow detection of the complexes only in the endoplasmic reticulum (9) . Moreover, the functional relevance of the complexes in glycan synthesis has been confirmed only in a few cases by showing that the complexes are enzymatically active (10 -12) .
To investigate these issues, we have previously used the bimolecular fluorescence complementation approach (13) to * This work was supported by The Academy of Finland (to S. K.) and the Finnish Glycoscience Graduate School (to A. H.). □ S The on-line version of this article (available at http://www.jbc.org) contains supplemental Tables S1-S3 and Figs. S1-S9. 1 Both authors contributed equally to this work. 2 To whom correspondence should be addressed: Dept. of Biochemistry, University of Oulu, Linnanmaa, Door J, Rm. screen N-glycosyltransferase complexes in the Golgi of live cells. We identified a novel N-glycosyltransferase complex consisting of GalT-I 3 and ST6Gal-I. However, bimolecular fluorescence complementation does not allow detection of dynamic interactions and their potential regulation by the Golgi microenvironment. Therefore, we systematically screened for potential Golgi N-and O-glycosyltransferase interactions in live cells by using the recently developed FRET-flow cytometric quantification approach (14, 15) . In contrast to microscopybased FRET, which has been previously used to assess potential interactions between ganglioside-synthesizing glycosyltransferases (16) , the flow cytometric quantification approach is well suited for systematic screening of multiple enzyme interactions in a large population of cells.
Here, we show that Golgi glycosyltransferases form enzymatically active homomeric and/or heteromeric complexes within both the N-and the O-glycosylation pathways. The fact that none of the N-glycosylation enzymes interacted with any of the O-glycosylation enzymes tested indicates that the two pathways are physically distinct. We also show that the interactions were mediated in nearly all cases by the catalytic domains of the interacting partners. Finally, we show that the formation and functioning of the heteromeric complexes are pH-dependent and markedly impaired in acidification-defective cancer cells. Taken together, the results provide novel insights into the overall functioning of the Golgi glycosylation pathways in higher eukaryotes.
EXPERIMENTAL PROCEDURES
Plasmid Constructs-All glycosyltransferase expression plasmids were prepared using commercially available full-length cDNA clones (Imagenes GmbH, Berlin, Germany) and PCR amplification with specific primers (supplemental Table S1 ). For each enzyme, the PCR product was inserted into the pcDNA3 vector (Clontech Laboratories, Inc., Mountain View, CA), and the sequence was verified before use. The vector also contained sequences encoding a C-terminal five amino acid linker region (RSIAT) followed by either the monomeric Cerulean (mCer) (17) , monomeric Venus (mVen) (18) , HA (YPYD-VPDYA), or FLAG (DYKDDDDK) tag. Non-tagged forms of the enzyme constructs were used for the enzyme activity measurements. These were prepared by replacing the five amino acid linker region with a stop codon.
Cell Cultivation and Transfections-COS7, HeLa, MCF7, and SW48 cells (all from ATCC, Manassas, VA) were cultivated in DMEM as described previously (19) . One day after plating, the cells were transfected using 0.5 g of each plasmid cDNA and the FuGENE 6 TM transfection reagent (Roche Applied Sciences). After cultivation for 24 h at 37 or 30°C, the cells were processed either for fluorescence microscopy, FRET, or enzyme activity measurements. Chloroquine (Sigma Aldrich) treatments were performed by adding the drug (40 M) to cells either for 20 h (overnight treatment) or for the last 4 h before the measurements.
Fluorescence Microscopy-Cells were processed for indirect immunofluorescence as described previously (19) . After fixation, the cells were permeabilized with 1 ml of 0.1% saponin in 1% BSA-PBS, pH 7.4, and stained with the anti-GM130 Golgi marker (610822, BD Biosciences) and secondary Alexa Fluor 594 -conjugated antibodies (Invitrogen). After staining, the cells were imaged using a Zeiss Observer. Z1 equipped with a LSM 700 confocal unit, 63ϫ PlanApo oil immersion objective and appropriate filter sets for cyan fluorescent protein, YFP, and Alexa Fluor 594, and Zen2009 software (Carl Zeiss AG, Oberkochen, Germany). When appropriate, FRET images were taken and analyzed using the Youvan method.
Quantification of FRET Signal by Flow Cytometry-FRET measurements were done according to Banning et al. (14) . Briefly, 1 day after plating, the cells were transfected with the FRET plasmid constructs that encoded selected enzymes tagged with either the mCer or the mVen. After 24 h, the cells were detached from the plates with 2ϫ trypsin-EDTA (SigmaAldrich), diluted, and analyzed on a flow cytometer (CyFlow, Partec GmbH, Münster, Germany) equipped with appropriate filter sets for mCer (excitation, 405 nm; emission, 425-475 nm) and mVen (excitation, 488 nm; emission, 515-540 nm). In each measurement, 2-5 ϫ 10 3 cells expressing both mCer and mVen were selected by gating (for setting and validation of the gates, see supplemental Fig. S1 ) and quantified in triplicate from three different experiments (as the mCer/mVen ratios). The FRET filter set (excitation, 405 nm; emission, 515-540 nm) and Flo-MAX software were used for quantification. The FRET signal is presented as the percentage of cells expressing both constructs that are FRET-positive (FRET ϩ ; mean Ϯ S.D.). A value higher than 5% was considered relevant (14) .
Determination of Cell Surface Sialic Acid Content and T-antigen Expression Levels-Cell surface sialic acid content was determined by using a fluorescence-based approach developed recently by Zeng et al. (20) . Briefly, cells transfected with the indicated plasmids were subjected first to periodate oxidation (Sigma-Aldrich), then treated with aminooxy-biotin (Biotium, Inc. Hayward, CA), and finally, with FITC-conjugated streptavidin (Invitrogen). After washing, stained cells were either examined by fluorescence microscopy or analyzed by flow cytometry (supplemental Fig. S2 ). When appropriate, cells were treated with sialidase A (10 units/sample, ProZyme, Inc., Hayward, CA) for 90 min at 37°C prior to staining. Cell surface T-antigen expression was quantified mainly as described previously (21) . Briefly, cells grown on plates were treated first with peptide N-glycosidase F (20,000 units/sample, New England Biolabs) to remove cell surface N-glycans (22) . After blocking with 1% BSA-PBS (pH 7.4) and washing, the cells were stained with Alexa Fluor 594-conjugated peanut agglutinin (3 g/ml, Invitrogen). After washing, the cells were detached from the plates with EDTA-PBS, resuspended in fresh DMEM, and analyzed by flow cytometry.
In Vitro Enzymatic Activity Measurements-Activity measurements were performed with slight modifications as described by Hansske et al. (23) and Legaigneur et al. (24) . In short, cells grown in 35-mm plates were solubilized in 500 l of lysis buffer (1% Triton X-100, 300 mM NaCl, pH 7.0) supplemented with 1ϫ Complete TM EDTA-free protease inhibitor mixture (Roche Diagnostics). Enzyme activity measurements were performed using a reaction buffer, which contained 50 mM Tris-HCl, pH 7.0, 0.5% Triton X-100 and 2. and asialofetuin (6 mg/ml, both from Sigma-Aldrich) were used as acceptor proteins for galactosyltransferase and sialyltransferase activities, respectively. Enzyme activity of the heteromeric GalTI⅐ST6Gal-I complex was measured using 2 mM MnCl 2 and both nucleotide sugar donors simultaneously. Scintillation counting was used for quantification. The distributions of enzyme proteins in the fractions were visualized after TCA precipitation, SDS-PAGE, and immunoblotting by using anti-HA and anti-FLAG antibodies.
Size-exclusion Chromatography-COS7 cells transfected with GalT-I-HA or ST6Gal-I-FLAG constructs were solubilized for 1 h on ice using 500 l of lysis buffer (300 mM NaCl, 1% Triton X-100, in phosphate buffer, pH 7.0, 1ϫ complete EDTAfree protease inhibitor mixture (Roche Diagnostics). Cell lysates were precleared by centrifugation (10,000 ϫ g at 4°C for 10 min) before loading onto a Bio-Gel A0.5m column (BioRad). Proteins were fractionated using 0.1% Triton X-100, 300 mM NaCl in phosphate buffer, pH 7.0. Protein concentrations in the fractions (1 ml) were measured using a Bio-Rad Protein Assay. Every second fraction was precipitated by adding TCA to 10% (1 h, ϩ4°C) and washed twice with 5% TCA and once with acetone before subjecting to SDS-PAGE. The column was calibrated using blue dextran (void volume marker) and molecular weight markers ␤-amylase (200 kDa), alcohol dehydrogenase (120 kDa), and bovine serum albumin (60 kDa) (Sigma-Aldrich). In vitro activity of the remaining fractions was measured as described above.
Immunoblotting-SDS-PAGE and immunoblotting was performed as described previously (19) . Briefly, cells transfected with the selected enzyme constructs were lysed in 2ϫ SDS sample buffer and subjected to SDS-PAGE before transfer onto a nitrocellulose membrane. Monoclonal anti-HA, anti-FLAG, and anti-␣-tubulin antibodies (Sigma-Aldrich), peroxidaseconjugated secondary antibodies (P.A.R.I.S., Compiègne, France), ECL substrates, and Chemidoc XRSϩ (Bio-Rad) were used for the visualization of the bands. NIH ImageJ software (version 1.43) and Image Lab 3.0 software were used for quantification.
Identification of Interacting Domains-To identify the interacting domains for each enzyme, we utilized the domain swapping approach. We first constructed two general plasmid vehicles, one that encodes the first 120 amino acids (i.e. the transmembrane domain plus stem region (TMDS) of the ST3Gal-III), and another that encodes only the catalytic domain of the ST6Gal-I and lacks the first 120 amino acids of the full-length protein. These domains were selected for this purpose, as our preliminary tests (supplemental Fig. S3 ) showed that they are not required for the homomerization of either enzyme.
In the case of ST3Gal-III, we PCR amplified the required cDNA region using the full-length ST3Gal-III cDNA clone as a template. The PCR product was then inserted into the mCer-or mVen-encoding pcDNA3 plasmids using the HindIII/XhoI restriction sites. The cDNAs encoding the catalytic domains of the test enzymes were also PCR-amplified and inserted into the ST3Gal-IIITMDS-mCer/mVen vector using XhoI and XbaI restriction sites. To screen for the TMDS domain interactions, we PCR amplified the relevant cDNA region from ST6Gal-I and inserted it into the mCer or mVen pcDNA3 plasmids using the XhoI and XbaI restriction sites. The TMDS domains of the test enzymes were then PCR-amplified and inserted into the ST6Gal-Icat-mCer/mVen plasmid using the HindIII and XhoI restriction sites. Construction of the C2GlcNAcT-1 plasmids required the use of the BamHI/XhoI cleavage sites. All of the primers used are listed in supplemental Table S2 .
Statistical Analyses-Statistical analyses were performed using the Student's t test for the comparison of small normally distributed samples.
RESULTS

Formation of N-Glycosyltransferase Complexes-To systematically screen for potential interactions between the main
Golgi N-glycosyltransferases, we selected known enzymes (Fig.  1A , for EC numbers and naming, see also supplemental Table  S1 ), and in each case, first confirmed in COS7 cells that the constructs localized correctly in the Golgi (supplemental Fig.  S4 ). Subsequent FRET measurements showed that all the main N-glycosyltransferases tested form enzyme homomers (FRET ϩ , 12-58%) (Fig. 1B) . Interestingly, the same enzymes were also found to form functionally relevant (i.e. sequentially acting) heteromeric complexes in the cells (Fig. 1C) . The medial Golgi enzymes GlcNAcT-I and GlcNAcT-II (FRET ϩ , 16.4 Ϯ 1.5% (mean Ϯ S.D.; n ϭ 3)) ( Fig. 1C) form one of these complexes and is likely involved in the processing of high mannose type glycans to complex type glycans. Previously, different approaches have been used to show that these two enzymes interact (9, 25) . The complex may also involve Golgi mannosidase II (9) and other GlcNAcTs as well (26), although these were not studied here.
The trans-Golgi enzymes GalT-I and ST6Gal-I (FRET ϩ , 16.7 ϩ 0.8%), or GalT-I and ST3Gal-III (FRET ϩ , 18.4 ϩ 0.4%) were also found to form heteromeric complexes with each other (Fig. 1C ). These two complexes are likely responsible for the termination of N-glycan chains with galactose and sialic acid, differing only in the type of sialic acid linkage they make. In contrast, no interaction (FRET ϩ , Ͻ5%) was detected between the medial Golgi enzyme GlcNAcT-II and the transGolgi enzyme GalT-I (Fig. 1C) . The two sialyltransferases (ST6Gal-I and ST3Gal-III) also did not interact with each other. Cross-testing of all other possible enzyme combinations did not reveal any other heteromeric interactions between the N-glycosyltransferases tested (data not shown). The specificity of these interactions was verified by co-expressing both competitive and non-competitive enzyme/protein constructs together with the FRET enzyme constructs. Co-expression of non-tagged GalT-I or ST6Gal-I was able to significantly inhibit the interaction between the two trans-Golgi enzymes by 82 and 75%, respectively, whereas co-expression of either the GlcNAcT-II or AE2 (a non-relevant Golgi membrane protein (27, 28) was not (p Ͼ 0.05; Fig. 1D ). FRET microscopy also confirmed that both the homomeric and heteromeric GalTI⅐ST6Gal-I complexes localize almost exclusively in the Golgi, i.e. the compartment where they are known to function (Fig. 1E) . No signal was detected in the Golgi between non-interacting GlcNAc T-II and GalT-I, as expected. Taken together, the results show that all the main N-glycosyltransferases form either homo-or heteromeric complexes in the Golgi of live cells.
Formation of O-Glycosyltransferase Complexes-Mucin type O-glycans are the main products of the O-glycosylation pathway, and alterations in them are important, e.g. for cancer progression (29 -31) . Their synthesis involves a number of both initiating and elongating O-glycosyltransferases, of which the various core structure-forming enzymes are best known (Fig. 2 , see supplemental Table S1 ). Thus far, no complexes have been reported between any of the O-glycosyltransferases either in vivo or in vitro.
To investigate whether O-glycosyltransferases also form complexes in live cells, we first confirmed that the FRET enzyme constructs localized correctly in the Golgi of COS7 cells (supplemental Fig. S5 ). Subsequent FRET measurements revealed that all of the O-glycosyltransferases tested also form homodimers ( Fig. 2A) . Screening of potential heteromeric interactions between sequentially acting enzymes showed a clear interaction between the initiating ppGalNAcT-6 (the Tnantigen-synthesizing enzyme) and each of the core 1, 3 and 6 forming enzymes (Fig. 2B) . No interaction however, was detected between the initiating ppGalNAcT-6 and the enzymes that convert the initial core structures 1, 3 and 6 to core structures 2, 4 and F1␣, respectively (data not shown). Moreover, we did not detect any interaction between the core 1 and 2, core 3 and 4, or core 6 and F1␣ forming enzymes (Fig. 2B) , nor between the core forming enzymes and the sialyltransferases ST3Gal-I and ST6GalNAc-I (Fig. 2B ) that synthesize the sialylTn, sialyl-T and disialyl-T core structures. Moreover, crosstesting of all other potential interactions between O-glycosyltransferases did not reveal any additional interactions (data not shown). These findings show that in mucin-type core O-glycosylation, only the enzymes that are responsible for the synthesis Table S1 and the KEGG pathway database. B, homomeric interactions. C, heteromeric interactions. All values are expressed as the mean of FRET ϩ (Ϯ S.D.) from three independent measurements using COS7 cells. FRET gates were set to exclude FRET negative cells (black). FRET ϩ cells are marked as red dots. D, inhibition of FRET ϩ signal by competing enzyme constructs. COS7 cells were transfected using the indicated plasmid constructs and quantified by flow cytometry as described under "Experimental Procedures." The small decrease in FRET ϩ cells seen with GlcNAcT-II and AE2 co-expression is likely caused by the slightly reduced protein synthesis due to co-expression of a competing or non-competing construct. E, localization of the FRET ϩ signal as analyzed by FRET microscopy. Briefly, COS7 cells transfected with mCer-and mVentagged GalT-I (first row) or ST6Gal-I (second row) were fixed and examined by fluorescence microscopy. The FRET signal was determined from the images using the built-in FRET analysis program (Youvan). Note that the FRET signal between homomeric (first and second rows) and heteromeric (third row) enzyme pairs is detected in the Golgi region only. A non-interacting enzyme pair (GalT-I/GlcNAcT-II; fourth row) does not show any FRET signal. Scale bar, 10 m.
of core 1, 3 and 6 structures form heteromeric complexes, whereas the enzymes involved in further elongation of O-glycans form only homomeric complexes. These data, however, do not exclude the possibility that the core 2, 4 and F1␣ forming enzymes may form heteromeric complexes with the enzymes that are required for the elongation of O-glycans.
N-and O-Glycosyltransferases Do Not Interact-Because both the N-and O-glycosyltransferases form complexes in live cells, it was important to test whether they form complexes with each other as well. Therefore, potential N-and O-glycosylation enzyme pairs were selected on the basis of their ability to use the same acceptor and donor substrate sugars. Cross-testing potential interactions between N-and O-GlcNAc-transferases (Fig. 3A) , between N-galactosyl-and O-sialyltransferases (and vice versa, Fig. 3B) , and between the initial O-GalNAc-transferase and N-Gal-or NGlcNAc-transferases (Fig. 3C) , however, revealed no significant FRET signal between any of the enzyme pairs tested. Testing of all other combinations between N-and O-glycosyltransferases (supplemental Table S3 ) gave similar results. Thus, Nand O-glycosyltransferases do not interact with each other, but rather, form heteromeric complexes only with the enzymes that operate in the same pathway. These data indicate that the two pathways are physically distinct from each other.
Functional Relevance of the Complexes-To assess the functional relevance of the glycosyltransferase complexes, we measured first the in vivo cell surface sialylation state in transfected COS7 cells by using the recently established biotin-streptavidin fluorescence-based protocol (20) . In comparison to non-transfected cells (Fig. 4A) , overexpression of GalT-I alone did not significantly increase cell surface sialylation (1.2-fold), whereas ST6Gal-I overexpression resulted in a 3.7-fold increase (p Ͻ 0.001). Co-expression of GalT-I and ST6Gal-I together increased the sialylation state 7.6-fold, compared with ST6Gal-I expression alone (p Ͻ 0.001). However, no increase was detected upon co-expression of ST6Gal-I with GlcNAcT-II or AE2 compared with ST6Gal-I alone (p valuesϾ0.05; Fig. 4A ). Similarly, GalT-I and ST3Gal-III co-expression resulted in a marked increase (p Ͻ 0.001) in the cell surface sialic acid content in transfected cells relative to non-transfected cells or cells that were transfected with only one enzyme construct (Fig. 4A) .
The in vivo functional relevance of the O-glycosyltransferase complexes was assessed next by measuring the activity of the core 1 synthesizing complex using cell surface T-antigen expression level as a marker. Cells were treated with peptide N-glycosidase F to remove cell surface N-glycans prior to quantification. Overexpression of the initiating ppGalNAcT-6 or C1GalT-1 alone increased cell surface T-antigen expression by 5.7-and 4.4-fold, relative to non-transfected cells (p Ͻ 0.001; Fig. 4B ), respectively. The increase observed with ppGalNAcT-6 is probably due to the increased availability of the Tn-antigen (Fig. 2B) for further galactosylation by endogenous C1GalT-1. Co-expression of ppGalNAcT-6 and C1GalT-1 resulted in a more pronounced increase in T-antigen expression (7.3-fold) relative to non-transfected cells. This increase was statistically significant (p Ͻ 0.01) when compared with cells expressing either ppGalNAcT-6 or C1GalT-1 alone.
The data presented above indicate that the enzymes are active in live cells. Whether the activity increase is due to complex formation, rather than the presence of monomeric enzymes, was assessed next. GalT-I and ST6Gal-I were selected Table S1 and the KEGG pathway database). Enzyme names are given along their respective reaction paths. A, FRET measurements of the homomeric interactions were done as described in the legend to Fig. 1 . All of the values are represented as percentages of FRET ϩ COS7 cells (mean Ϯ S.D. from three independent measurements). B, heteromeric interactions. FRET measurements were done as described in the legend to Fig. 1 . Localization data of all tested O-glycosyltransferases are shown in supplemental Fig. S5. as our target enzymes, mainly because this enzyme pair exhibited the highest activity upon co-expression and because their enzymatic activities can be readily measured using the established protocols. Fractionation of the cell lysates by size-exclusion chromatography showed that both the GalT-I and ST6Gal-I activities obtained from single (Fig. 4, C and D) or double-transfected (Fig. 4E ) cells eluted in the fractions that correspond in size to homo-and heteromeric enzyme tetramers (ϳ180 -190 kDa), and not to enzyme monomers (40 -60 kDa). Western blotting (Fig. 4, C-E) of the fractions confirmed that the enzyme proteins also eluted in the same fractions.
To directly compare the enzymatic activities of the enzyme homo-and heteromers, we measured their in vitro activities in total cell lysates from GalT-I-and/or ST6Gal-I-expressing cells. Excess ovalbumin and asialofetuin were used as relevant acceptor proteins, respectively. As expected, overexpression of GalT-I alone increased galactosyltransferase activity against ovalbumin by 17.2-fold (p Ͻ 0.001; Fig. 4F ), relative to the endogenous GalT-I activity. Interestingly, co-expression of ST6Gal-I, a later enzyme in the N-glycosylation pathway (Fig.  1A) , increased GalT-I activity by 41-fold relative to the endogenous GalT-I activity. This represents a 2.4-fold increase over cells that express GalT-I alone (p Ͻ 0.001). Immunoblotting of GalT-I and ST6Gal-I proteins confirmed that this activity increase was not due to a higher enzyme protein expression level in the cells (supplemental Fig. S6 ). In contrast to ST6Gal-I, no increase in GalT-I activity was detected upon co-transfection with the non-interacting GlcNAcT-II enzyme or AE2, the two control proteins used in the measurements (p Ͼ 0.05; Fig.  4F ). In all cases, GalT-I activity against the non-relevant acceptor, asialofetuin, was negligible. These results, together with the fact that a later enzyme (ST6Gal-I) can increase the enzymatic activity of the earlier enzyme (GalT-I) in the pathway, suggest that these terminal N-glycosyltransferases act cooperatively in N-glycan synthesis.
Sialyltransferase activity in the cell lysates was measured accordingly. Expression of ST6Gal-I alone (Fig. 4G ) increased sialyltransferase activity against excess asialofetuin by 6.2-fold relative to non-transfected cells. ST6Gal-I activity was not increased upon co-expression with GalT-I, GlcNAcT-II, nor AE2 (p Ͼ 0.05; Fig. 4G ), as expected because the N-glycans in asialofetuin contain terminal galactose residues and cannot be utilized by these enzymes. ST6Gal-I activity against ovalbumin was also negligible in all cases, consistent with the presence of terminal GlcNAcs in the N-glycans of ovalbumin (32) (33) (34) . However, when ST6Gal-I was co-expressed with GalT-I, we observed a 15-fold increase in ST6Gal-I activity against ovalbumin relative to non-transfected cells. This represents a 2.4-fold higher sialyltransferase activity than the ST6Gal-I activity measured from single transfected cells against excess asialofetuin (p Ͻ 0.001; Fig. 4G ). Although this GalT-I-mediated ST6Gal-I activity increase against ovalbumin could be explained just by increased galactosylation of the N-glycans of ovalbumin and their use as an acceptor for the sialyltransferase, it should be noted that both homomeric and heteromeric enzyme activities were measured in the presence of excess acceptor proteins. Therefore, we consider these data as additional evidence for the cooperative functioning of these two trans-Golgi enzymes. The findings are consistent with the in vivo and size-exclusion chromatography data (Fig. 4, A and E) , showing that the enzymes have higher enzymatic activity when co-expressed. 
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Characterization of Interacting Domains-Most, if not all, glycosyltransferases are type II membrane proteins consisting of an N-terminal transmembrane domain (with a short cytoplasmic tail), a stem region, and a luminal catalytic domain. To assess whether the catalytic or the TMDS is responsible for the interactions, we constructed (Fig. 5A ) plasmid vectors that FIGURE 4 . Functional relevance of the enzyme complexes. COS7 cells were transfected with the indicated enzyme constructs and stained for sialic acid content (A) and T-antigen expression (B) as described under "Experimental Procedures." Prior to T-antigen measurements, N-glycans were removed by peptide N-glycosidase F. Quantification was done by using flow cytometry. All measurements were made in triplicate and are expressed as fold changes relative to endogenous level (mean Ϯ S.D.; n ϭ 3). Shown are size-exclusion chromatography and in vitro activities of the fractions in cells expressing GalT-I alone (C), ST6Gal-I alone (D), or both GalT-I and ST6Gal-I (E). COS7 cells transfected with the appropriate plasmids were solubilized, fractionated, and subjected to enzyme activity measurements as described under "Experimental Procedures." Enzyme activities are expressed as mol/min/g protein. Solid squares denote GalT-I activity values in fractions, and open circles denote ST6Gal-I activity. Arrows denote the standard proteins used to calibrate the column (Bio-gel A0.5m, Bio-Rad). Shown are GalT-I (F) and ST6Gal-I (G) activities of total cell lysates. Activities were measured as described above and are expressed as the mean (mol/min/g protein Ϯ S.D.) from three independent measurements. **, p Ͻ 0.01; ***, p Ͻ 0.001. allowed shuffling of these domains with the corresponding domains from the other enzymes. FRET measurements showed (Fig. 5B ) that homomeric interactions between N-glycosyltransferases are mediated mainly (Ͼ70%) by the catalytic domains of these enzymes. This holds true also for the medial Golgi enzymes GlcNAcT-I or GlcNAcT-II, although their interaction may partially involve the TMDS domains as well. The only exception was ST6Gal-I, in which the TMDS region appears to be mainly responsible for the homomer formation. For most enzymes, the same domains were also found to be involved in the formation of heteromeric complexes (Fig. 5C) . The medial Golgi enzymes GlcNAcT-I and II interacted mainly via their catalytic domains, as did also GalT-I and ST3Gal-III. In contrast, the interaction between GalT-I and ST6Gal-I was mediated mainly by their TMDS domains. All of the O-glycosyltransferase homo-and heteromeric interactions ( Fig. 5D and E) were found to be preferentially (Ͼ85%) mediated by the catalytic domains of the enzymes.
pH Sensitivity of Enzyme Complexes-Previously, we have reported that a slight drug-induced increase in Golgi pH results in mislocalization of ST3Gal-III (but not of ST6Gal-I) into the endosomal compartments, probably reflecting differences in complex formation (35) . Therefore, we tested the pH sensitivities of the enzyme homo-and heteromers in live cells by using FRET. We treated cells with 40 M chloroquine, which raises Golgi pH by ϳ0.4 units (36), i.e. less than the increase found in cancer cells. FRET measurements showed that most of the N-glycosyltransferase homomers were insensitive to this pH increase. The only exception was ST3Gal-III homomers (Fig.  6A ), which showed a slight but significant (p Ͻ 0.01) decrease in complex formation. N-glycosyltransferase heteromers behaved similarly, in that only the complex involving ST3Gal-III was significantly affected by the drug (p Ͻ 0.01; Fig. 6B ). No marked differences were found between short (4 h) and overnight chloroquine treatment. Drug treatment also induced a concomitant and statistically significant decrease in the cell surface sialylation state in cells overexpressing ST3Gal-III and GalT-I/ ST3Gal-III, relative to non-treated cells (p valuesϽ0.05; Fig.  6C ), which indicates that there is a direct relationship between complex formation and the proper synthesis of sialylated N-glycans.
O-Glycosyltransferase homomers were also mainly unaffected by the drug. Only the amount of C3GNT-1 homomers was slightly decreased (p Ͻ 0.05) after overnight drug treatment (Fig. 6D and supplemental Fig. S7) . In contrast, all of the heteromers involved in core 1, 3, and 6 synthesis were highly pH- sensitive (Fig. 6E ). Both 4-h and overnight treatment reduced the amount of enzyme heteromers by Ͼ50%. This decrease was not likely due to the reduced expression of the enzymes, as the 4-h treatment at the end of the transfection was nearly as effective as the overnight treatment. The decrease in the amount of ppGalNAcT-6 and C1GalT-1 heteromers at elevated Golgi pH also coincided with a reduction in T-antigen expression, the end product of these two enzymes (p Ͻ 0.01; Fig. 6F ). Thus, the heteromeric O-glycosyltransferase complex appears to be required also for proper core glycosylation of cell surface O-glycans.
Complex Formation in Cancer Cells-The Golgi pH is also elevated in many cancer cells (36) . Therefore, we anticipated that complex formation might be affected. To clarify this, we performed FRET measurements using acidification-defective cancer cells MCF7 and SW48 (36) as targets. COS7 and HeLa cells, which both have a normal Golgi pH, were used as control cells. We found that the amount of homomeric N-glycosyltransferase complexes and the heteromeric complex between the medial Golgi enzyme GlcNAcT-I and GlcNAcT-II was only slightly lower in acidification-defective cancer cells than in control cells (Fig. 7, A and B) . However, the amount of heteromeric GalT-I⅐ST3Gal-III complex was reduced by more than 50% in MCF7 and SW48 cells (Fig. 7B) , relative to control cells. The fact that the amount of the ST6Gal-I and GalT-I complex was also markedly reduced despite its pH insensitivity (Fig. 6 ) was unexpected but may indicate that micro-environmental factors other than the Golgi pH may also regulate complex formation. Nevertheless, the low amount of these two heteromeric sialyltransferase complexes in MCF7 cells that was not due to either mislocalization (supplemental Fig. S8 ) or lower expression level of the enzyme constructs (supplemental Fig. S9 ), was also found to correlate with reduced sialylation of cell surface glycans (Fig.  7C) .
Similar to the results with N-glycosyltransferases, the amount of homomeric O-glycosyltransferases complexes (Fig. 7D) was not markedly altered in acidification-defective cancer cells (FRET ϩ , Ͼ70% of control). In contrast, all the heteromeric interactions were markedly reduced both in MCF7 and SW48 cells (FRET ϩ , Ͻ20% of control) (Fig. 7E) . The low amount of the core 1 (T-antigen) synthesizing complex also coincided with the reduced expression of the cell surface T-antigen (p Ͻ 0.01; Fig. 7F ). Collectively, the above results indicate a direct relationship between heteromeric complex formation and proper synthesis of cell surface Nand O-glycans. 
DISCUSSION
In this report, we have mapped for the first time all the main Golgi glycosyltransferase interactions within both the N-and O-glycosylation pathways in living cells. We show that the glycosyltransferases tested form Golgi-localized homomeric and heteromeric complexes within each pathway (Figs. 1 and 2) . No complexes, however, were detected between the enzymes that operate in different pathways (Fig. 3) , showing that the two pathways are physically distinct. Our size-exclusion chromatography data (Fig. 4, C-E) also confirmed that the glycosyltransferases tested exist mostly as complexes and not as enzyme monomers in live cells.
Several lines of evidence indicate that the complexes are functionally relevant. We showed that all enzyme complexes tested were found to be enzymatically active in vivo (Fig. 4. A  and B) . Their overexpression either as homomers or as heteromers increased terminal sialylation and the production of T-antigen in live cells. Heteromeric complexes were also found to form only between consecutively acting enzymes in either pathway. In addition, we showed that the GalT-I⅐ST6Gal-I complex had higher activity than either of the enzyme homomers (Fig. 4 , C-G), which suggests that heteromeric complex formation is required for the activity increase and that these two enzymes function cooperatively. Moreover, we showed that disruption of heteromeric interactions by raising Golgi pH with chloroquine, correlated with reduced cell surface sialylation and T-antigen expression in the cells (Fig. 6) . Finally, a similar correlation between impaired complex formation and glycosylation was also detected in acidification defective cancer cells (Fig. 7) . Thus, these results suggest that the heteromeric complexes are functionally more relevant than enzyme homomers and likely responsible for the various glycosylation reactions in a living cell.
The functional relevance of the homomeric complexes is more difficult to interpret. One possibility is that certain homomeric complexes may also be involved in glycan synthesis. Alternatively, their formation may be required only for the endoplasmic reticulum-to-Golgi transport, consistent with the observed pH insensitivity of the complexes. Moreover, it is also possible that they are required for correct localization of the enzymes in the Golgi in the absence of an interacting partner. To clarify the functional relevance of the enzyme homomers, further studies are thus required. For example, multicolor FRET would resolve whether the homomeric or heteromeric interaction is preferred in vivo or if the homomeric complexes form at all in the presence of interacting partner(s). Other approaches could also involve knock-out or knockdown studies to confirm what role enzyme complexes have in glycan synthesis. Comparison of the enzymatic activities of isolated homomeric and heteromeric enzyme complexes would also resolve whether or not homo-and heteromeric complexes are equally active.
Collectively, our results help explain the overall functioning of the Golgi glycosylation pathways in higher eukaryotes. According to our results, the formation of enzyme complexes and their organization into specific assembly lines facilitates the efficient synthesis of different glycan structures with high precision and speed. Thus, the heteromeric complexes in the N-glycosylation pathway are likely involved in the processing of high mannose-type glycans to complex-type glycans (GlcNAcT-I⅐GlcNAcT-II) and termination of N-glycans with galactose and either ␣2,6-linked (GalT-I⅐ST6Gal-I) or ␣2,3-linked sialic acid (GalT-I⅐ST3Gal-III). The heteromeric O-glycosyltransferase complexes, in turn, are likely involved in the synthesis of the main mucin-type core structures. Although not assessed here, we anticipate that other ppGalNAc transferases likely form similar complexes with the core structure forming enzymes, allowing efficient site-specific core glycosylation of acceptor proteins. The fact that some O-glycosylation enzymes were found to form only homomeric complexes (Fig. 2) is not inconsistent with this view as they may form as yet unidentified heteromeric complexes with later enzymes in the pathway.
The proposed functional model involving heteromeric enzyme complexes allows more efficient and faster glycan synthesis by reducing the number of various acceptor recognition steps, and by increasing the affinity, specificity and processivity of the enzymes involved (Fig. 4, F and G) . It also prevents potential intervention by competing enzymes. This is well illustrated by the mucin-type core O-glycosylation, where several core structure forming enzymes can potentially compete with each other for the same GalNAc acceptor (29) . The presence of a preformed heteromeric complex (Fig. 2) prevents competing reactions (such as sialylation of the Tn-antigen) from occurring, thus favoring the synthesis of complex-specific core structures. Complex formation also allows the observed overlapping distribution of glycosyltransferases within the Golgi stack (37) without the loss of specificity.
The suggested model also provides an explanation for certain cancer-associated glycosylation abnormalities (29, 38 -41) . We showed that the elevated Golgi pH inhibits the formation of heteromeric termination complexes, which in turn results in altered glycosylation of cell surface constituents (Fig. 6) . This is illustrated, e.g. by the pH-induced disassembly of the GalTI⅐ST3Gal-III complex whereby the competitive GalTI⅐ST6Gal-I complex becomes dominant and will terminate N-glycans with an ␣2,6-linked sialic acid, instead of ␣2,3-linked sialic acid. Such a change is observed also with the carcinoembryonic antigen during cancer progression (42) . In addition, at elevated Golgi pH, the reduced amount of the core 1-synthesizing complex (Figs. 6F and 7F ) can explain the increased expression of Tn-and sialyl-Tn-antigens (29) by the competing ST6GalNAc-I sialyltransferase. Collectively, these findings emphasize that proper Golgi acidity is crucial for the correct glycosylation of cellular glycoconjugates.
In conclusion, the results illustrate the important role of enzyme complexes in the synthesis of N-and O-glycans. Besides increasing reaction specificity and speed, complex formation also allows the modulation of glycan synthesis during cell growth, differentiation, and embryonic development, similar to the dynamic interactions that regulate other cellular processes. Several key issues such as the functional relevance of enzyme homomers and the identity of factors that regulate or affect the observed interplay between Golgi glycosyltransferases still remain to be solved. Unraveling these issues will lead to a better understanding of glycan synthesis in general, as well as to the development of new diagnostic and therapeutic tools for glycosylation-associated diseases, including cancer. 
